INTRODUCTION
Eukaryotic genomes are constantly challenged by assaults that can undermine the integrity of replicating DNA. Mild forms of replication stress stochastically occur during physiological cell cycles, and pathological settings such as oncogenic transformation further elevate replication stress, which could lead to DNA damage and instigate genomic instability (Halazonetis et al., 2008) . The common denominator of replication stress is a stalled fork, an aberrant structure that triggers a genome surveillance pathway orchestrated by the ATR kinase (Branzei and Foiani, 2009) . ATR is activated by its physical recruitment to RPAcoated single-stranded DNA (ssDNA) generated by uncoupling of replicative MCM helicase from DNA polymerases. ATR and its downstream effectors are then required to counteract adverse effects of replication stress both by delaying cell-cycle progression and by stabilizing stalled forks (Friedel et al., 2009) . Consequences of impaired ATR signaling include chromosome instability, developmental defects, and accelerated aging (Brown and Baltimore, 2000; Murga et al., 2009 ). Furthermore, ATR signaling has been implicated in oncogenesis by imposing a barrier to cancer progression (Fang et al., 2004) . However, although the ATR pathway is clearly central for genome maintenance, how it protects replicating DNA is not well understood.
ATR signaling must be carefully choreographed on a temporal scale. Replication stress is a highly dynamic chain of events starting from acutely arrested forks with fully assembled replisomes. If replication stress persists, stalled forks are converted into ''collapsed forks'' characterized by dissociation and/or impaired modifications of replisome components (Lambert and Carr, 2005; Tercero et al., 2003) . Further extension of replication stress can convert forks to DNA double-strand breaks (DSBs) that pose the most serious threat to genome integrity. It has been shown that the latter transition requires cleavage of replication intermediates by structure-specific nucleases such as SLX4 and MUS81 (Fekairi et al., 2009; Forment et al., 2011; Hanada et al., 2007) and that ATR signaling delays the onset of fork breakage (Trenz et al., 2006) . However, it is also evident from these studies that replication fork breakage is a delayed response that develops only over many hours (Petermann et al., 2010) . Why the fork protection initially works and eventually fails is currently unknown.
The spatial aspect of ATR signaling brings about another layer of complexity. The ATR pathway not only regulates fork stability locally, but one of its signaling components, the CHK1 kinase, diffuses globally through the nucleus, where it counteracts new origin firing (Sørensen and Syljuå sen, 2012) . The unresolved question is how are the ''local'' (short range, at stalled forks) and ''global'' (long range, throughout the nucleus) functions of (A) Asynchronous U-2-OS cells were incubated with HU (2mM) and ATRi (2 mM) for the indicated times. Whole-cell extracts (WCE) were immunoblotted with the indicated antibodies. (B) U-2-OS cells were incubated with HU ± ATRi for 80 min and immunostained with the indicated antibodies after pre-extraction. DSBs were labeled with a TUNEL assay. Nuclear DNA was counterstained by DAPI. Insets show colocalization of DSBs and RPA2-pS4/8 foci. Scale bar, 10 mm. (C) U-2-OS cells were treated with HU for 40 min, pre-extracted, and immunostained with the indicated antibodies. Scale bar, 10 mm. (D) Quantitative image-based cytometry single-cell analysis (QIBC) of immunolabeled U-2-O-S cells. Asynchronous cells were treated with HU (2 mM) and ATRi (2 mM) for the indicated times and immunostained as in (C). Total nuclear intensity for DAPI, mean nuclear intensities for RPA1 (chromatin-bound fraction [CB]), and g-H2AX were determined for each of >5,000 individual cells and were plotted in a scatter diagram. S phase cells, with chromatin-loaded RPA1, are labeled in blue.
ATR coordinated. In this study, we provide evidence that the global and local functions of ATR converge at a surprisingly simple but robust mechanism, which effectively guards the genome against destabilizing replication stress.
RESULTS

Stalled Forks Are Transiently Resistant to Breakage Independent of ATR Signaling
To investigate mechanisms involved in replication fork stability, we induced replication stress by treating U-2-OS cells with hydroxyurea (HU), which causes rapid depletion of dNTPs (Eklund et al., 2001 ). To manipulate ATR activity, we applied a specific ATR inhibitor (ATRi), which faithfully recapitulates phenotypes associated with genetic ablation of ATR . In addition to inducing gradual phosphorylation of ATR targets such as H2AX (pS139), CHK1 (pS345), and RPA2 (pS33) ( Figure 1A ), combination of HU with ATRi resulted in a delayed phosphorylation of ATM targets, including ATM (pS1981), KAP1 (pS824), CHK2 (pT68), and RPA2 (pT21, pS4/8). This was accompanied by generation of DSBs detected by the TUNEL assay specifically at the RPA-decorated stalled forks with hallmarks of ATM activity ( Figure 1B ). Whereas fork breakage in ATR-deficient cells was expected, it was surprising to see that this occurred with a substantial delay (Figure 1 ) despite the kinase being inhibited within seconds to minutes . This raised the possibility that, for a limited period of time, the fork protection machinery operates autonomously and independently of ATR.
To investigate this possibility, we established a quantitative image-based cytometry (QIBC) method, which allowed us to monitor the complete dynamics of replication stress responses with unprecedented detail and in a fully automated and high content-fashion (see Supplemental Information available online). The key feature of this assay is its ability to separate with great accuracy and reproducibility the fraction of cells with intact stalled forks from those in which the combination of HU and ATRi treatment triggered fork breakage accompanied by hallmarks of ATM activity such as H2AX hyperphosphorylation ( Figures 1C and 1D ). Interestingly, also at this analytical level, the conversion of stalled forks to DSBs lagged behind acute ATR inhibition (Figures S1A and S1B), and we therefore set out to investigate the mechanistic underpinnings of fork surveillance between ATR inhibition and DSB generation.
Breakage of Stalled Forks Correlates with Increased
Levels of Chromatin-Loaded RPA We noticed that, before DSBs became detectable, the amount of RPA loaded on chromatin accumulated to levels that were several fold higher than in cells exposed to HU alone ( Figure 1E ). Increasing the HU concentration did not further increase RPA loading, confirming that replication was fully stalled ( Figure S2A ). These data allowed for two predictions: (1) that ATR may have a specific role in limiting RPA chromatin loading and (2) that the excessive RPA loading in the absence of ATR might be coupled to DSB generation. Consistent with these predictions, the accumulation of RPA on chromatin reached its peak well before DSB generation, and the conversion of stalled forks to DSBs was confined to cells with the highest degree of chromatin-loaded RPA both in U-2-OS cells, used as a model system throughout this study (Figures 2A, 2B , and S2B), and in primary, nonimmortalized human fibroblasts ( Figure 2C ). Furthermore, we reproduced these results by knocking down ATR with siRNA ( Figures  S2C and S2D ) and in DLD1-ATR-Seckel cells carrying a hypomorphic Atr mutation (Hurley et al., 2007) (Figure S2E ). Because prolonged dNTP deprivation was reported to trigger DSBs even in cells with intact ATR (Petermann et al., 2010) , we applied QIBC on cells treated with HU alone for up to 24 hr. Indeed, we saw progressive accumulation of cells with broken forks in the later time points ( Figure 2D ), and DSB generation was again restricted to cells with the highest levels of chromatin-loaded RPA (Figures S2F and S2G) . Thus, the excessive accumulation of RPA at stalled forks precedes DNA breakage, and ATR delays this pathological outcome of replication stress.
Nuclear Pool of RPA Is Rate Limiting for ssDNA Protection at Stalled Forks Because RPA avidly interacts with ssDNA (Fanning et al., 2006) , we considered the possibility that ATR inhibition might increase ssDNA generation up to the point where it would deplete all available RPA. Initially, generation of ssDNA detected by BrdU incorporation under nondenaturing conditions ( Figure 2E ) and accumulation of chromatin-loaded RPA followed an expected linear trend. However, when RPA loading reached its limit, ssDNA continued to accumulate ( Figure 2F ). This was reflected by a deviation from linearity of the ssDNA/RPA ratio, suggesting that cells reached a stage when RPA became limited for binding newly generated ssDNA. Performing the same assay in a cell line stably expressing RPA2-EGFP allowed us to include a DSB marker (ATM-phosphorylated RPA2-pT21) and thus directly correlate ssDNA formation, RPA loading, and DNA breakage. Remarkably, DSBs were strictly confined to cells that had sequestered all RPA and generated an excess of uncoated ssDNA ( Figure 2G ). Thus, in the absence of ATR, ssDNA at stalled forks progressively depletes the nuclear pool of RPA, which is accompanied by a conversion of stalled forks to DSBs.
Excessive Origin Firing Depletes RPA and Triggers Simultaneous Fork Breakage in Active Replication Factories ATR activity is propagated by the CHK1 kinase, which diffuses from stalled forks to restrain origin firing. Although this global spreading of the ATR pathway seems to have limited bearings on local protection of stalled forks, our data indicated a mechanistic connection. First, the increase in chromatin-bound RPA after ATR inhibition could be explained by hyperaccumulation (E) U-2-OS cells were grown with BrdU (10 mM) for 48 hr, incubated with HU (2 mM) and ATRi (2 mM) for the indicated times, pre-extracted, and subjected to native BrdU and RPA1 immunostaining to detect ssDNA exposed at replication forks. Scale bar, 10 mm.
(legend continued on next page) of stalled forks following unscheduled firing of dormant origins (Ge et al., 2007; Ibarra et al., 2008) . Second, the rate-limiting nature of RPA would only manifest after excessive origin activity had time to deplete all available RPA, explaining the temporal gap between ATR inhibition and DSB appearance.
To test these predictions, we exploited the paradigm that origin firing requires CDK2 (Gillespie and Blow, 2010) . Consistently, application of roscovitine, a broad CDK inhibitor widely used to suppress origin activity, abolished both excessive RPA loading and fork breakage in cells treated with HU and ATRi (Figures 3A , 3B, and S3A). These results were reproduced by inhibiting other regulators of origin firing such as CDC7 or CDC45 ( Figures 3A, 3B , S3A, and S3B).The relatively high concentration of HU in all these experiments allowed only minimal fork progression, indicating that the observed effects of roscovitine, CDC7 inhibition, or CDC45 depletion are related to new origin firing. Importantly, substitution of roscovitine by a specific inhibitor of mitotic CDK1 did not prevent fork breakage in HU and ATRitreated cells ( Figure 3C ), ruling out the possibility of premature mobilization of structure specific nucleases, which are known to be hyperactivated in mitosis (Matos et al., 2013) .
The above results prompted us to ask why some cells tend to exhaust RPA earlier than others. Given the tight correlation between the number of active origins and sequestration of RPA to stalled forks, we hypothesized that cells with the highest replication activity would be the first ones to reach the RPA threshold. Indeed, monitoring of H2AX phosphorylation during the cell cycle revealed that fork breakage after HU and ATRi treatment occurred first in cells with the highest replication rate ( Figure 3D ). Together, these data suggest that, in the absence of ATR, the coordinated fork breakage occurs during S phase after ssDNA generated by unscheduled origin firing exceeds the nuclear pool of RPA.
Increased Origin Activity Triggers Fork Breakage in ATR-Proficient Cells
In the above experiments, fork breakage was assayed under conditions when HU was combined with ATR inhibition, leaving the possibility that an unknown ATR effector might exert its protective function directly at stalled forks. To address this, we asked whether ATR could have prevented breakage of stalled forks in cells primed to increase the number of active forks above the physiological threshold. We forced otherwise unstressed cells to fire extra origins by transiently inhibiting ATR but without any additional replication stress. Indeed, DNA fiber analysis showed that the number of active forks increased after incubation with ATRi ( Figure S3C ), and the unscheduled replication was also visible by QIBC as higher levels of chromatin-loaded RPA. Importantly, the time and dose of the ATRi under these conditions did not cause DNA breakage ( Figure 3E , time 0). We then washed away the ATRi and incubated, or not, cells with HU. Strikingly, whereas in the absence of replication stress, cells continued to replicate normally, addition of HU rapidly exhausted the residual RPA pool and caused DNA breakage (Figures 3E and S3D) . ATR activity recovered back to normal after washing out the inhibitor ( Figures 3E and S3E ), and roscovitine no longer prevented DSB generation because the majority of available origins had already fired during the priming step (Figure 3F) . Thus, the unscheduled origin firing in ATR-deficient cells appears to be the major source of RPA depletion and the ensuing fork breakage.
Exhaustions of RPA Triggers Fork Breakage in All Active Replication Factories
Replication of eukaryotic genomes takes place in replication factories manifesting as nuclear foci that contain both active replicons and dormant origins (Gillespie and Blow, 2010) . Given this spatial organization and the emerging evidence that RPA is rate limiting for protecting stalled forks anywhere in the nucleus, our current model predicted that, after all RPA becomes sequestered, unprotected ssDNA should break in all active replication factories. Indeed, this was what we observed. First, in a timelapse analysis of RPA2-EGFP cells treated with HU and ATRi, we found that RPA progressively accumulated in the same nuclear foci, indicating that the unscheduled origin firing is largely confined to replication factories that were active already at the beginning of the replication stress ( Figure 3G and Movies S1, S2, and S3). This was confirmed by comparing the spatial distribution of replication activity before and at the end of replication stress using endogenous RPA ( Figure 3H ). Second, the hallmarks of fork breakage, such as RPA phosphorylation on S4/8 or T21, occurred simultaneously in all replication factories and regardless of the total extent of damage ( Figures 3I, S3F , and S3G). Thus, breakage of stalled forks in a given nucleus after global RPA exhaustion occurs in all replication factories active at the time of replication stress.
Partial Knockdown of RPA Accelerates Breakage of Stalled Forks
To validate these conclusions, we reasoned that lowering RPA levels should render cells more sensitive to excessive origin firing. We partially knocked down RPA1 ( Figure 4A ) to the degree that did not impair DNA replication, preserved normal ATR activity, and did not cause DNA damage ( Figures 4A, S4A , and S4B). Strikingly, however, after applying replication stress by combined HU and ATRi treatment, reduction of RPA levels progressively increased the fraction of cells with DSBs ( Figures 4B-4E ). We verified that the dynamics of DSB generation closely correlated with accumulation of unprotected ssDNA, consistent with the notion that DNA damage is triggered after ssDNA exceeds (F) QIBC of U-2-OS images treated and processed as in (E). Mean BrdU and chromatin-loaded RPA1 single-cell values are plotted in a scatter diagram. Progressive deviation of BrdU/RPA1 signal from linearity (light blue bar) is evident in later time points when RPA becomes limiting (red) and leads to exposure of uncoated ssDNA. (G) QIBC of RPA2-EGFP cells were grown with BrdU as in (E), incubated with HU (2 mM) and ATRi (2 mM) for 100 min, pre-extracted, and immunostained for native BrdU and RPA2-pT21. Total DAPI, mean RPA2-EGFP, BrdU, and RPA2-pT21 single-cell values are plotted in the indicated combinations. The RPA2-pT21 color code indicates that the presence of DSBs is confined to cells that deviate from linear RPA2-EGFP/BrdU range (blue bar). See also Figure S2 .
RPA buffering capacity ( Figures S4D and S4E ). Of note, the accelerated fork breakage occurred in cells with inhibited ATR, indicating that the ability of RPA to shield stalled forks is an autonomous mechanism that counteracts DNA breakage.
Stoichiometric Increase of the RPA Subunits Delays Fork Breakage A reverse prediction was that a surplus of RPA should extend the dynamic range within which ATR-deficient cells escape fork breakage. To this end, we generated ''SuperRPA'' cell lines stably expressing 2-to 3-fold excess of all three RPA subunits, expressed from the same transcript in a stoichiometric fashion ( Figures 4F, 4G , S4F, and S4G). Such degree of RPA overexpression did not alter DNA replication or ATR activation ( Figures S4H  and S4I) . Strikingly, however, these cells dramatically extended the dynamic range of RPA loading on chromatin and became remarkably resilient to dNTP depletion and ATR inhibition at time points when cells with normal RPA levels underwent massive fork breakage ( Figures 4H, 4I , S4J, and S4K). Furthermore, the acquired resilience of the SuperRPA cells was associated with reduced formation of unprotected ssDNA ( Figure 4J ). Because all of these experiments were performed in cells with inhibited ATR, we conclude that, as long as cells contain sufficient levels of RPA complex, it can be deployed to ssDNA and replication forks remain stable irrespective of ATR signaling. Of note, single overexpression of RPA1 subunits or other ssDNAbinding proteins such as hSSB1 or Rad51 did not prevent fork breakage after RPA depletion (L.I. Toledo and J. Lukas, unpublished data) , indicating that the main cellular activity that can effectively shield replication intermediates against breakage is the fully assembled RPA complex, likely due to its exquisitely high affinity for ssDNA.
Exhaustion of the RPA Pool Generates Irreversible Damage to Replication Factories Previous work indicated that forks exposed to replication stress eventually lose the ability to restart (Jossen and Bermejo, 2013) . To test whether RPA exhaustion can explain this, we monitored the DSB dynamics in cells that were exposed to HU and ATRi for 2.5 hr (when the majority of S phase cells exhausted RPA and underwent DNA breakage) and were then released by removing both drugs ( Figure 5A ). Strikingly, 72 hr after the release, a fraction of cells still contained an unusually high number of RPA foci (100 foci per cell in average), indicating the presence of unrepaired forks ( Figure 5B and Movie S4). After excluding contribution of undamaged cells, we could see that the fraction of cells with aberrant forks was very similar to that detected at the time of release from the HU/ATRi treatment ( Figures S5A and S5B) , suggesting that all such cells suffered a permanent proliferation blockade linked to irreparable fork breakage. Indeed, although cells with hallmarks of unrepaired forks could resume progression through S phase, likely due to replicons that were activated only after releasing from replication stress ( Figure 5C and S5C), they all arrested at the G2-M boundary and eventually presented morphological features of senescence such as dramatic increase in size of cell nuclei ( Figures 5C-5E ). Thus, RPA exhaustion marks a ''point of no return'' for cell proliferation ( Figure S5D ).
To test whether such point of no return is reached exactly at the time of RPA exhaustion, we incubated cells with HU and ATRi for 40 min, when RPA loading approaches its threshold yet still without DNA breakage (Figure 2A) , and then removed the drugs to stop any further RPA depletion. Under such conditions, RPA was rapidly unloaded from the chromatin (Figures 5F and 5G and Movie S5, top cell), whereas, when we extended the HU/ATRi treatment beyond the point of fork breakage ( Figure 2B ), an increasing fraction of cells failed to dissolve the RPA foci and arrested ( Figure 5H and Movies S5, bottom cell, S6, and S7). Significantly, elevation of the RPA complex in the SuperRPA cell lines delayed this form of irreversible fork breakage (see Figures 4H-4J and S4K ) and allowed recovery from the extended stress despite the fact that the overall ssDNA accumulation was 2-to 4-fold higher than in naive cells ( Figures 5I and S5E) . These results further support the model that RPA exhaustion, and not just an accumulation of supraphysiological levels of ssDNA, marks the point of no return. Furthermore, because ATR was inhibited in these experiments, the excess of RPA appears necessary and sufficient to shield supernumerary forks against breakage. (D) U-2-OS cells were incubated with EdU (10 mM) for 30 min followed by HU (2 mM) and ATRi (2 mM) for the indicated times, pre-extracted, and immunostained as indicated. QIBC was performed, and total DAPI, mean RPA1, g-H2AX, and EdU (Click-it reaction) intensities per nucleus were obtained. DAPI/EdU replication profiles depicted in the scatter diagrams were color coded according to g-H2AX intensity, which indicates the confinement of DSB to vigorously replicating cells. (E) U-2-OS cells were incubated with HU (2 mM) and ATRi (2 mM) in the four described combinations and for the indicated times. QIBC for chromatin-loaded RPA1 and g-H2AX was performed, and scatter diagrams for the two indicated combinations are shown (the rest are shown in Figure S3 ). (F) U-2-OS cells were incubated with ATRi for 80 min, treated with HU with or without roscovitine for an additional 80 min, and analyzed by QIBC. (G) U-2-OS cells stably expressing RPA2-EGFP were treated with HU (2 mM) and ATRi (2 mM), and fluorescence images of living cells were acquired every 2 min for up to 2 hr. Insets illustrate progressive loading of RPA into replication factories after ATR inhibition (see also Movie S1). Scale bar, 5 mm. (H) U-2-OS cells were treated and processed as in (D), with the exception that the EdU was applied for 10 min. A representative picture is shown (80 min). Scale bar, 5 mm. (I) U-2-OS cells were treated with HU (2 mM) and ATRi (2 mM) for 80 min, and QIBC was performed after RPA2 and RPA2-pT21 immunostainings. Representative images of nuclei with increasing levels of RPA2-pT21 were chosen, and their relative position in the QIBC diagram is indicated. Images show that all RPA foci are homogenously phosphorylated. Scale bar, 10 mm. See also Figure S3 .
We reasoned that the accumulation of damaged cells in G2 is due to persistent checkpoint signaling from DNA lesions generated on stalled forks deprived from the RPA protection. Indicative of the presence of chromosome breaks, we observed cases of massive nuclear fragmentation in damaged cells that attempted to enter mitosis ( Figure S5F ). To validate that these lesions are bona fide DSBs, we pulse labeled active forks by EdU and then applied calyculin A, a phosphatase inhibitor that has been used as a tool to overcome cell-cycle checkpoints and induce premature chromosome condensation (El Achkar et al., 2005) . Remarkably, virtually all metaphase spreads obtained after forcing the G2-arrested cells to mitosis were composed of shattered chromosomes with multiple breaks (Figures 5J, S5G, and S5H) . Furthermore, the EdU signal was localized predominantly at sites with hallmarks of chromosome breaks such as terminal parts of shattered chromosomes or boundaries between fused chromosome fragments ( Figures  5J, S5G , and S5H), supporting the conclusion that RPA exhaustion leads to the simultaneous breakage of active forks. Because of its fatal consequences, we henceforth refer to this event as ''replication catastrophe'' (RC).
RPA Exhaustion Is a Common Denominator of Replication Catastrophe, Regardless of the Source of Replication Stress or Unscheduled Origin Firing
A potential caveat of the previous results is that these were achieved under conditions in which replication stress imposed by HU was combined with unscheduled origin firing induced by ATRi. To validate that RPA shields stalled forks in a broader biological context, we revisited all major predictions by testing either drug alone and by using independent replication inhibitors and origin regulators. We first reasoned that, if the model is generally applicable, RPA should be rate limiting for fork breakage in cells that are treated with HU or ATRi alone because both treatments lead to steady generation of ssDNA (by helicase and polymerase uncoupling and unscheduled origin firing, respectively). Indeed, the increasing reduction of nuclear RPA levels leads to progressive fork breakage under these conditions ( Figures 6A, 6B , and S6A). Thus, ''single hits'' of replication perturbation can eventually deplete the RPA pool, and combining them merely accelerates RPA depletion and the ensuing fork breakage.
The next prediction was that RPA should be rate limiting for active fork protection regardless of the sources of replication stress and/or unscheduled origin firing. This was also confirmed by experiments showing that independent inducers of fork stalling (aphidicolin, gemcitabine, citarabine, UV light) phenocopied HU by synergizing with ATRi in progressively depleting RPA up to the point of RC (Figures 6C and S6C) . Likewise, the ATRiinduced RPA exhaustion was reproduced not only by inhibiting or depleting CHK1 (the downstream component of the ATR pathway), but also by inhibiting WEE1, another suppressor of unscheduled origin firing ( Figures 6D and S6D) . As predicted by the model, RC after CHK1 or WEE1 inhibition was mitigated by simultaneous suppression of origin firing (Figures 6E and S6E) , and it showed strong correlation with the RPA levels when applied alone ( Figure 6F and S6F), as well as when combined with distinct forms of replications stress (Figures 6G and S6G) . Finally, the EdU-flanked chromosome breaks on calyculin A-induced metaphase spreads confirmed that the alternative sources of replication stress caused DSBs at active forks (Figures 6H and S6H) . Thus, exhaustion of nuclear RPA represents a biological disaster for replicating genomes, regardless of the sources of replication stress or unscheduled origin firing.
DISCUSSION
Although ATR requires the RPA-coated ssDNA for its own activation, the endpoint of ATR signaling to protect forks against fatal breakage feeds back on the very same RPA by safeguarding its dynamic range and thus preventing exhaustion of this crucial molecular shield of replication intermediates ( Figure 7A ). The salient features of this mechanism are summarized in ( Figures  7B-7D ). When replication forks stall, the RPA-coated ssDNA generated ahead of the fork activates ATR. Although ATR per se remains confined to stalled forks, the pathway is propagated by CHK1, which diffuses away to suppress dormant origins. This limits the number of stalled forks to those that were active at the onset of the replication stress and ensures that RPA remains in excess over ssDNA ( Figure 7B ). If ATR signaling fails, dormant origins fire ( Figure 7C ), and the newly generated ssDNA progressively depletes nuclear RPA. When all RPA becomes sequestered, every active replicon generates unprotected ssDNA, which is rapidly converted to DSBs ( Figure 7D) .
We also show that RPA depletion in cells continuously exposed to replication stress triggers irreversible cell-cycle arrest. One scenario explaining this fatal consequence of replication stress is depicted in Figure 7E and reflects the model of eukaryotic replication whereby several loops of DNA, which may even originate from neighboring chromosomes, can be engaged in a single replicon (Cayrou et al., 2010) . After sequestering all available RPA, every replicating loop would be prone to generate unprotected ssDNA, and the ensuing DNA breakage would dismantle the affected loci nucleus wide to an extent that would not be compatible with survival. In exceptional cases, RC might be confined to micronuclei, which result from chromosome misalignment and tend to undergo uncoordinated DNA replication (Crasta et al., 2012) . Here, RPA exhaustion and the resulting chromosome disintegration might generate a precursor for chromothripsis, a cancer-related genomic abnormality characterized by erratic reassembly of previously ''pulverized'' DNA (Stephens et al., 2011 ).
Whereas we demonstrate that the excess of RPA determines fork resilience and effectively shields ssDNA intermediates under diverse stress conditions, our data do not exclude roles of other factors that, in a context-specific fashion, fine-tune fork protections against enzymatic processing that can ultimately lead to DSBs. One such example is the SMARCAL1-annealing nuclease, whose depletion delays DSB formation after ATR inhibition (Couch et al., 2013) . It is possible that annealing helicases generate structures (such as the so-called reversed forks) that not only participate in RPA sequestration, but also generate substrates that can be processed by structure-specific nucleases, and thereby modulate the point at which RPA becomes exhausted.
An intriguing physiological ramification of our results includes common fragile sites (CFS), late-replicating genomic loci that undergo frequent breakage after various sources of replication stress, including oncogenic transformation (Debatisse et al., 2012) . Although clearly triggered by replication stress, CFS breakage does not occur in S phase, but only in mitosis (Harrigan et al., 2011; Lukas et al., 2011) . Our results elucidate this conundrum by showing the astonishing capacity of RPA to shield stalled forks way above the hypothetical situation when all currently known fragile sites encounter replication stress. However, RPA protection does not solve the problem of unfinished replication, explaining why CFS manifest as DSBs only in mitosis after structure-specific nucleases become hyperactivated and cleave underreplicated DNA (Naim et al., 2013; Ying et al., 2013) . Interestingly, we note that RPA may not completely prevent intra-S-phase breakage of early replication fragile sites (ERFS) that, unlike CFS, replicate early and are largely confined to genomic loci that are highly transcriptionally active (Barlow et al., 2013) . Under such circumstances, sporadic fork breakage can indeed happen even when RPA remains in excess due to the high stochastic probability of a collision between replication and transcription intermediates. This is analogous to a situation in cells deficient in single-strand DNA repair, whereby the nicks in DNA are converted to DSBs by the advancing replication forks, a situation that does not involve excessive ssDNA formation and thus cannot be prevented by RPA.
Interestingly, the concept of the RPA barrier against RC has intriguing evolutionary ramifications. The QIBC technique allowed us to estimate that the amount of ssDNA that a cell can tolerate, and therefore the excess of RPA required for shielding it, was 8-fold higher than the amount required to support unperturbed DNA replication. This was unexpected because, from the thermodynamic perspective, proteins should not accumulate excessively unless this is physiologically pertinent. Strikingly, however, a similar surplus was reported for the nuclear pool of dormant origins licensed by the MCM helicase (Ge et al., 2007; Ibarra et al., 2008) . Such excess of intrinsic replication potential turned out to be vital under replication stress, when the completion of genome replication becomes critically reliant on increased origin activity. Our data suggest that the surplus of RPA coevolved with dormant origins to ''buffer'' the excess of ssDNA during or after replication stress. Indeed, without RPA protection, dormant origins could hardly be sustained during evolution because their activation would inevitably lead to replication catastrophe.
Finally, the global exhaustion of RPA described here can elucidate an increasing number of pathophysiological conditions that are linked with replication stress. First, cells derived from patients with the Seckel syndrome with hypomorphic ATR suffer massive replication stress associated with DNA breakage and premature senescence (Murga et al., 2009) . We predicted that genomic instability in Seckel cells is fuelled by exhausting RPA due to uncontrolled replication, and we were indeed able to mimic this situation by using a specific ATR inhibitor. Second, oncogene transformation is accompanied by elevated replication stress (Halazonetis et al., 2008) , and it has been shown that expression of oncogenes is synthetically lethal with ATR deficiency . Based on our model, uncontrolled replication in oncogene-transformed cells is expected to reduce the intrinsic RPA buffer, explaining why ATR and/or CHK1 inhibitors show a remarkable selectivity in killing oncogene-transformed cells compared to normal cells . Third, CHK1 inhibitors have shown a remarkable toxicity for tumor cells when combined with Gemcitabine in preclinical studies (Thompson and Eastman, 2013) . This promising therapeutic approach essentially mimics the conditions used in this work to cause RPA exhaustion. Fourth, the reported correlation between high RPA level and increased therapeutic resistance in human cancer (Dahai et al., 2013; Givalos et al., 2007) indicates that enhanced expression and/or stability of RPA might be selected for during oncogenic transformation. This suggests that replication catastrophe might be a promising goal of current therapies aiming at efficient removal of cancer cells. Our data open up the possibility that modulating the RPA dynamic range might improve the efficacy of such treatments.
EXPERIMENTAL PROCEDURES
Plasmids and RNA Interference cDNAs for human RPA subunits were provided by Marc S. Wold (University of Iowa, USA). P2A sequences were obtained as primers (Invitrogen). Cloning into pAc-GFP-C1 (Clontech) is described in the Supplemental Information. SiRNA duplexes were from Ambion (Silencer Select): ATR (s536), Cdc45 (s15829), Chk1 (s503), and RPA1 (s12127). Plasmid transfections were performed with Lipofectamine LTX and Plus Reagent (Invitrogen). siRNA transfections were performed with Lipofectamine RNAiMAX (Invitrogen). Unless specified, siRNAs were used at 25 nM. In siRNA titration assays, total siRNA concentration was kept constant with the addition of control siRNA.
Cell Culture
Human U-2-OS osteosarcoma, DLD1-ATR-WildType, and DLD1-ATR-Seckel colorectal cancer cells (Hurley et al., 2007) were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (GIBCO). For live imaging, cells were grown in CO2-independent medium (phenol red and riboflavin free, GIBCO). U-2-OS cell lines stably expressing 2-fold excess of RPA2-EGFP were generated by standard procedures; RPA2-GFP avidly accumulated in replication factories regardless of replication stress. The AcGFP-RPA3-P2A-RPA1-P2A-RPA2 cell lines are characterized in Figures 4 and S4 . Drugs and other cell culture supplements are described in the Supplemental Information.
Immunochemical and Biochemical Methods
Antibodies used for immunolabeling techniques are specified in the Supplemental Information. Whole-cell extracts (WCE) were obtained by lysis in RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1.0% Igepal CA-630, 0.1% SDS, 0.1% Na-deoxycholic acid, supplemented with protease and phosphatase inhibitors) containing MgCl 2 (2 mM) and Benzonase (Novagen) and analyzed by SDS-PAGE following standard procedures. For preextraction, cells were washed once with PBS and incubated with ice-cold PBS containing Triton X-100 (0.2%) for 1 min on ice prior to fixation. Immunostaining procedure is described in the Supplemental Information. EdU and TUNEL detection was performed by Click-it assay following manufacturer's instructions (Life Technologies).
Microscopy
Images used in QIBC were obtained with a motorized Olympus IX-81 widefield microscope equipped with fast-switching filter wheels for excitation and emission of DAPI, FITC, Cy3, and Cy5 fluorescent dyes; an MT20 Illumination system; and a digital monochrome Hamamatsu C9100 CCD camera. Olympus UPLSAPO 103/0.4 NA and 403/0.9 NA objectives were used. Automated unbiased image acquisition was carried out by the propriety Scan acquisition software. memory of Gabe Hayes, our handling editor at Cell, who tragically passed away. Gabe's unrestrained support of science and scientists, his insight, and his guidance of authors and reviewers will be sorely missed.
